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The optical absorption spectra in a quantum well driven both by an intense terahertz 共THz兲 and by
an optical pulse are theoretically investigated within the theory of density matrix. We found that the
optical absorption spectra and the splitting of the excitonic peaks splitting can be controlled by
changing the THz field intensity and/or frequency. The Autler–Towns splitting is a result of the THz
nonlinear dynamics of confined excitons, which is in agreement with the experiments. In addition,
the dependence of the optical absorption on the quantum well width and the carrier density is also
discussed. © 2004 American Institute of Physics. 关DOI: 10.1063/1.1635974兴

I. INTRODUCTION

we change the THz field intensity and/or frequency the absorption excitonic peaks show up near the band gap.

Modern optical telecommunications devices, such as optical switches, high-performance optical modulators,1 and
wavelength division multiplexing,2,3 require one to understand the characteristics of optical absorption of the highfrequency radiation in semiconductors. Recently, the intense
terahertz 共THz兲-induced optical absorption4 – 8 of quantum
wells 共QWs兲 near the band gap edge has attracted considerable interest. When a QW is radiated by both an intense
terahertz and an optical pulse, there are many interesting
nonlinear phenomena, including ac Stark effect,1 harmonic
generation,9 and Franz–Keldysh effect.10,11 Many theoretical
models were proposed to study these phenomena. Using the
few-level model, the effects of an intersubband field on the
interband and intersubband absorptions were studied.12,13
Meanwhile, the optical absorption in semiconductors including excitonic effect are studied by using the excitonic basis
and free-basis model.1,14 Recently, the optical absorption of
QWs was studied by finite-difference time-domain
techniques.3 The results show that when an external electric
field is applied in the growth direction of a QW,15 the
quantum-confined Stark effect 共QCSE兲 shows up. QCSE
leads to a redshift of the absorption peak near the band gap,
and generates additional absorption peaks.
The purpose of this article is to apply the density matrix
theory to study the optical absorption and the coherent ultrafast dynamics of the QWs under the influence of the dc
bias and the THz radiation along the QW growth direction.
We present in detail the dependence of the optical absorption
on the QW with and the doping concentration. It is shown
that the QCSE shows up when the QW is radiated by THz
field. There are multiple absorption replica in the absorption
spectrum of the biased QW driven by the THz field. When

II. OPTICAL ABSORPTION UNDER TERAHERTZ
RADIATION

Considering the QW driven both by a growth-directionpolarized electric field and an optical pulse as schematically
shown in the inset of Fig. 1, the electric field expressed by
F共 t 兲 ⫽Fdc⫹Fac cos共 2  f act 兲 ,

in which Fdc is the dc field, Fac and f ac are, respectively, the
strength and the frequency of the THz field. For optical field,
we introduce a real optical field E(t)⫽(1/2) 关 F opt(t)
⫻exp(⫺igt)⫹c.c.兴. The complex slowly varying envelope
F opt(t) of the real optical field is assumed to be a Gaussian
pulse as follows:
Fopt共 t 兲 ⫽F0 exp关 ⫺t 2 /  2 ⫺i 共  c ⫺  g 兲 t 兴

共2兲

in which  is the temporal width of the pulse,  c is the
central frequency, and  g is the band gap frequency. The
QW driven by an electric field and an optical pulse can be
described by the density matrix theory including both Coulomb and THz field induced intersubband couplings.16 –18
The Hamiltonian takes the form
H⫽H 0 ⫹H T ⫹H I ⫹H C ,

共3兲

where H 0 is the Hamiltonian of the QW in the absence of
Coulomb interactions, the terahertz field, and the external
optical field
H 0⫽

ᐉ ᐉ⫹ ᐉ
ᐉ ᐉ⫹ ᐉ
a k a k⫹ hk
b k b k兲 .
共  ek
兺
ᐉ,k

共4兲

Here a kᐉ (b kᐉ ) and a kᐉ† (b kᐉ† ) are the annihilation and creation
operators for an electron 共hole兲 with wave number k in ᐉth
subband. H T stands for the interactions of the QW with the
terahertz field F(t). It reads

a兲
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FIG. 1. Optical absorption including excitonic effects in quantum wells at
different dc biases: F dc⫽0, 20, and, 50 kV/cm, respectively. The step-like
solid line shows the free-carrier optical absorption of unbiased quantum
wells, excluding the Coulomb interaction. The inset shows a QW driven by
a THz field and an optical field.

H T ⫽F共 t 兲 •

兺

ᐉ,m,k

 ᐉm 共 a kᐉ⫹ a km ⫺b km⫹ b kᐉ 兲 ,

共5兲

where  is the intraband dipole matrix element.
H I includes the interaction of QW with the optical pulse
field given by
H I ⫽⫺ 兩 e 兩 Fopt共 t 兲 •

ᐉ⫹
⫹H.c. 兲 ,
兺 共 dcᐉm a kᐉ⫹ b ⫺k
ᐉ,m,k

共6兲

where e is the carrier charge, H.c. denotes the Hermitian
conjugate of the first term. In the effective-mass approximation, we have
d cᐉm
 ⫽⫺e

冕

dru e 共 r 兲 * xu h 共 r 兲

冕

dz  ᐉe 共 z 兲  m
h 共z兲

共7兲

in which 兰 dru e (r) * exu h (r)⫽7/冑2e Å⯝4.9e Å when the
conduction-band bulk Bloch state is assumed to be s-like,
and the valence-band bulk state is p-like.
The electron-hole interaction term H C is given by
H C⫽

1
ᐉ
p⫹ m⫹
V mp 共 q 兲 a k⫺q
b k⬘ ⫹qb k⬘ a ks .
2 m,ᐉ,p,s,q ᐉs

兺

共8兲

Using the rotating-wave approximation relative to the
band gap, the equation of the motion is obtained directly
from the Hamiltonian
ប

dp kmᐉ 共 t 兲
dt

⫹n hk共 t 兲 ⫺1 兲  R,k共 t 兲 ⫹iF共 t 兲

兺n 共  ᐉm p kmn ⫺  mn p knᐉ 兲 ⫺⌫ sc p kmᐉ

N⫽

冉 冊冕

1 1 2mk BT
A 2
ប2

共9兲

mp
(k⫺q) p qps ,
in which ប  R,k (t)⫽dc  "Fopt(t) ␦ ᐉm ⫹ 兺 p,s,qV ᐉs
⫹
⫹
mᐉ
m
ᐉ
n e,k⫽ 具 a k a k典 , n h,k⫽ 具 b ⫺kb ⫺k典 , p k ⫽ 具 b ⫺ka k典 ,  g is the
band gap frequency, and ⌫ sc is the phenomenological
dephasing term including the effects of electron-hole-phonon

⬁

0

d ␣ k

1
e

关  ␣ k⫺  ␣ 兴 /k BT

⫹1

,

共10兲

in which A is the quantization area of the quantum well.
The slowly varying envelope polarization P(t) of the
real macroscopic optical polarization per unit area of the
QW, P(t)exp(⫺igt)⫹c.c., is related to the interband polarization matrix elements as follows:20
P共 t 兲⫽

d c
p mᐉ 共 t 兲 .
A k,m,ᐉ k

兺

共11兲

The optical absorption in the QWs is expressed by20

共  兲⫽

4  g Im关 P 共  兲 E 共  兲 * 兴
c 冑⑀ b

兩 E共  兲兩 2

,

共12兲

where P(  ) and E(  ) are the Fourier transforms of the
polarization function P(t) and of the laser pulse Fopt(t), respectively.
III. ABSORPTION IN THZ-DRIVEN GAAS QWS

We apply the above Eqs. 共9兲–共12兲 to perform the numerical calculations of the optical absorption spectra in
GaAs QWs driven by the optical pulse and the THz field
along the z axis, i.e, the growth direction of the QW. The
GaAs QW has infinite barriers at z⫽⫾L/2 with L the QW
width. The wave function for the confined carriers in the QW
is expressed by the product of the bulk Bloch state u ␣ (r) and
a slowly varying envelope, as follows:

 ␣n k共 r 兲 ⫽u ␣ 共 r 兲  ␣n 共 z 兲

ᐉ
m
⫽⫺i 共  ek
⫹ hk
⫺ប  g 兲 p kmᐉ 共 t 兲 ⫹i 共 n ek共 t 兲

⫻

and carrier–carrier (e-h,h-h) collisions. The time dependent
carrier populations are determined by the semiconductor
Block equation.19 If we write n ␣ ,k(t)⫽n ␣(0),k⫹⌬n ␣ ,k(t), the
time-dependent part is determined by Im关R,k(t)pkmᐉ (t) 兴 and
a collision term. The first term will contribute a high order
term either in the optical field or in the polarization. The
second term will contribute a higher order in carrier–carrier
scattering. These high order contributions will be important
in the large-q regime. The wave number of the THz and
optical fields used in this work is still much shorter as compared to the Fermi wave vector. Therefore we only seek the
linear response of the system to the optical pulse and neglect
the time dependence of the carrier density. In Eq. 共9兲 we use
n ␣(0)k ⫽1/关 e ␤ ( ␣ k⫺  ␣ ) ⫹1 兴 for the electron/hole density, with ␣
the carrier type 共electron or hole兲, T is the lattice temperature, and  ␣ is the carrier chemical potential determined by
the carrier density

e ik•r

冑A

,

where n is the subband index, k is the two-dimensional inplane momentum, and  ␣n (z) is the single-particle envelope
function. We use the envelope functions at the unbiased case:
 ␣n (z)⫽ 冑2/L cos(nz/L) when n is odd, and  ␣n (z)
⫽ 冑2/L sin(nz/L) when n is even. The bound state energies
are  ␣ᐉ ⫽ប 2  2 ᐉ 2 /(2L 2 m e(h)⬜ ). The energy dispersion relation is  ␣ᐉ k⫽ ␣ᐉ ⫹ប 2 k2 /(2m ␣ 储 ). We consider two conduction
subbands and three valence subbands. The material parameters used here are typical values of GaAs QWs: m h 储
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⫽0.109m 0 , m h⬜ ⫽0.408m 0 , and m e 储 ⫽m e⬜ ⫽0.067m 0 with
m 0 the free electron mass. The coupled first order differential
equations 关Eq. 共9兲兴 are solved using a fifth order Runge–
Kutta algorithm. We have used the following boundary conditions: 共i兲 in the remote past the conduction 共valence兲 subbands are occupied; 共ii兲 the polarizations are assumed to
vanish in the remote past. The polarizations are solved from
just before the optical pulse arrives to a final time when the
interband polarization has essentially completely dephased 共t
is about 12 ps兲.
In this article, we are interested in the optical absorption
near the band gap, so we set the Gaussian central frequency
 c in Eq. 共2兲 to be  g . ⌫ sc is set to be 100 fs.21 The temporal pulse width  is assumed to be 20 fs and the power
density of the optical pulse is assumed to be 50 W/cm2. The
total density is N⫽1.2⫻1011 cm⫺2 , the QW width is L
⫽15 nm, and the lattice temperature is set to be throughout
the paper T⫽77 K. In the calculation, we neglect the heating
effect on the optical absorption.
Figure 1 shows the optical absorption 共兲 of the QW
only driven by the dc fields. The lowest solid line is for the
free-carrier optical absorption without the dc bias and the
Coulomb interaction. There are two absorption steps which
correspond to the e1-h1 and e2-h2 transitions. The positions of the e1-h1 and e2-h2 locate at the band gap and 88
meV above the band gap, respectively. When including the
Coulomb interaction, the excitonic peaks show up instead of
the steps observed in the absence of e-h interaction. Optical
absorption including excitonic effects in quantum wells at
different dc biases is: Fdc⫽0, 20, and, 50 kV/cm, respectively, shown in Fig. 1. The position of the absorption peak
coincides with those of the free-carrier absorption. The amplitudes of the transitions including the excitonic effect enhance slightly due to Coulomb coupling term, which are in
agreement with the results reported.10,22 When F dc⫽20 and
40 kV/cm, it can be seen from Fig. 1 that there are four
replicas besides the two main absorption peaks. These additional optical absorption peaks correspond, respectively, to
e1-h2, e1-h3, e2-h1, and e2-h3 transitions. In the calculations, we neglect the electron–electron and hole–hole interactions, so the locations of the absorption peaks of the
e2-h1, e2-h2, and e2-h3 transitions are slightly away from
the transition energies. The strength of absorption peaks due
to the e1-h1 and e2-h2 transitions becomes weak and the
left absorption peak redshifts with increasing dc strength.
However, the absorption peaks due to the e2-h2 and e2-h3
transitions blueshift with increasing dc strength.
Figure 2 shows the optical absorption of the QW driven
by the terahertz fields. The frequency is 0.7 THz, and the
THz strengths are 5, 20, and 40 kV/cm, respectively. It can
be seen from Fig. 2 that the THz field induces a redshift in
the absorption peak near the band gap. The THz radiation
also causes a reduction in the magnitude of the absorption
and the appearance of additional absorption peaks. Two replicas show up between the two main excitonic peaks, which
correspond to the e1-h1 and e2-h2 transitions. It is indicated that the optical absorption is more sensitive to the presence of the THz field.
Richer optical absorption spectra show up when the QW
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FIG. 2. Optical absorption including excitionic effects at F dc⫽0 kV/cm,
f ac⫽0.7 THz. The THz amplitudes are, respectively, F ac⫽5, 20, and 40
kV/cm.

is driven both by the dc field and the THz field. In Fig. 3 we
show the absorption spectra of the QW at F dc⫽40 kV/cm,
f ac⫽0.7 THz, for several different ac amplitudes F ac⫽5, 10,
and 20 kV/cm. It can be seen that there is only one e1-h1
excitonic peak near the band gap when the THz strength is 5
kV/cm. When the THz strength increases to 10 kV/cm, the
e1-h1 excitonic peak near the band gap splits into two
peaks. This Autler–Townes splitting is due to the THz nonlinear dynamics of confined excitons and the sideband
generation.4 At the weaker ac fields, the splitting is so small
that the two peaks form one broadened peak. When the THz
strength increases to 20 kV/cm, the splitting is more noticeable and two replicas can been clearly seen. This is in agreement with the result of a recent experiment.15 It is noted that
the change of the strength of the THz field has little effect on
the absorption peak due to the e2-h2 transition. The reason
is that the energy of the h1-h2 transition is much greater
than the frequency of THz field F ac 共0.7 THz⬇3 meV兲, thus
does not resonate with the THz field. The absorption spectra
of the QW at different THz frequencies is shown in Fig. 4.

FIG. 3. Optical absorption including excitonic effects at F dc⫽40 kV/cm,
f ac⫽0.7 THz. The THz amplitudes are, respectively, F ac⫽5, 10, 20 kV/cm.
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FIG. 4. Optical absorption including excitionic effects at F dc⫽40 kV/cm,
F ac⫽10 kV/cm. The THz frequencies are, respectively, f ac⫽0.7, 1.2 and 2.6
THz.

FIG. 6. Optical absorption including excitionic effects in quantum wells at
F dc⫽0 kV/cm, F ac⫽10 and f ac⫽1 THz. The QW widths are L⫽9, 15, and
21 nm, respectively.

The strength of dc field is fixed at F ac⫽10 kV/cm and the
frequencies of THz field are 0.7, 1.2, and 2.6 THz, respectively. When f ac⫽0.7 THz, the amplitude of the center peak
near the band gap is not much higher than that of the two
replicas, shown in the inset figure in Fig. 4. With increasing
of the THz frequency, the center peak becomes higher and
the replica moves away from the center peak. The presence
of these strong replicas indicates that there is the possibility
of producing sidebands.23
To have an insight into the effect of the quantum well
width on the transitions, we studied the optical absorption of
the QW with different widths: ᐉ⫽9, 15, and 21 nm. Figure 5
shows the optical absorption of the QW driven by dc field
with the dc strength F dc⫽30 kV/cm. Many additional absorption channels open up as QW width increases. The reason is that with increasing the QW width, the energy between
those subbands decreases which leads to more absorption
peaks. Moreover, we can see from Fig. 5 that the amplitude
of the exciton peak slightly decreases, and the absorption
edge redshifts with increasing the quantum well width. When

we apply the THz field to the quantum well, there are many
replicas around those excitonic peaks, shown in Fig. 6. These
are different from those shown in Fig. 5. The reason is that
the coupling between the THz field and the subband becomes
stronger as the subband energy gaps decrease. The dependence of the absorption spectra on the carrier density is
shown in Fig. 7. The carrier densities are 1.2⫻1011, 6.0
⫻1011, and 1.2⫻1012 cm⫺2 , respectively. We can see from
Fig. 7 that the excitonic peak strengths decrease rapidly with
increasing the carrier densities. Meanwhile, the spectral location of the excitonic peaks moves away slightly from the
original locations. It means that an increased doping density
can suppress the optical absorption. This density dependence
of the optical absorption is mainly due to increased screening
at large densities. The inter-band polarization increases with
the screened inter-band interaction matrices. As density increases, the screening also increases and, as a result, the
absorption decreases. It should also be noticed that we only
used electron density in our calculation to determine the

FIG. 5. Optical absorption including excitonic effects in unbiased quantum
wells with the QW widths are L⫽9, 15, and 21 nm, respectively.

FIG. 7. Optical absorption including excitionic effects in quantum wells at
F dc⫽0 kV/cm, F ac⫽10 kV/cm and f ac⫽1 THz. The total carrier densities
of QW are N⫽1.2⫻1011, 6.0⫻1011, and 1.2⫻1012 cm⫺2 , respectively.
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chemical potential and screening length. Our system is an
n-type quantum well. The hole density 共mainly of photoexcited holes兲 is negligible as compared to the electron density.
Our formalism can be readily extended to include both electron and hole densities. For samples with a comparable number of electrons and holes, both carriers will contribute to the
screening and chemical potential dynamically adjusted due
to varying electron and hole densities.

IV. CONCLUSION

In conclusion, we have studied the optical absorption
spectra in doped GaAs QW driven by both the THz field and
the optical pulse. We have obtained the detailed information
of the optical absorption in a QW under an intense terahertz
radiation. The dependence of the optical absorption on the
intensity and frequency of the THz field, on the QW width
and carrier density are studied. The calculated Autler–Towns
splitting is in good agreement with the experiments.
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